Morphological innovation is a fundamental process in evolution, yet its molecular basis is still elusive. Acquisition of elytra, highly modified beetle forewings, is an important innovation that has driven the successful radiation of beetles. Our RNAi screening for candidate genes has identified abrupt (ab) as a potential key player in elytron evolution. In this study, we performed a series of RNA interference (RNAi) experiments in both Tribolium and Drosophila to understand the contributions of ab to the evolution of beetle elytra. We found that (i) ab is essential for proper wing vein patterning both in Tribolium and Drosophila, (ii) ab has gained a novel function in determining the unique elytron shape in the beetle lineage, (iii) unlike Hippo and Insulin, other shape determining pathways, the shape determining function of ab is specific to the elytron and not required in the hindwing, (iv) ab has a previously undescribed role in the Notch signal-associated wing formation processes, which appears to be conserved between beetles and flies. These data suggest that ab has gained a new function during elytron evolution in beetles without compromising the conserved wing-related functions. Gaining a new function without losing evolutionarily conserved functions may be a key theme in the evolution of morphologically novel structures.
Introduction
Morphological innovation is a fundamental process in evolution, yet the molecular mechanism underlying the evolution of morphologically novel structures remains elusive. Insect wings show stunning diversity in shape, color, and texture, and thus serve as an excellent model to study the molecular basis of morphological innovation. Coleoptera (beetles) is one of the most successful animal groups on the planet, accounting for over 20 percent of extant animals (Grimaldi and Engel, 2005; Hunt et al., 2007) . Innovation of elytra, highly sclerotized and modified (namely "exoskeletalized" (Tomoyasu et al., 2009 )) forewings, is an important trait driving the successful radiation of beetles. Elytra serve as body covers to protect beetles against various mechanical stresses, dehydration, and predation. By using the red flour beetle, Tribolium castaneum, as a model system, we have previously shown that this heavy exoskeletalization of the beetle forewings has been achieved by multiple co-options of the exoskeletalization pathways into the conserved wing gene network (Tomoyasu et al., 2009) . However, elytra are not simply hardened forewings. They have acquired many morphologically distinct features, such as a unique parallel vein pattern and several cuticular structures responsible for the tight sealing of left and right elytra as well as between elytra and body walls (Crowson, 1981) . Another crucial innovation that has occurred in the elytron relates to their unique shape. Insect wings typically have an anteriorly expanded shape, with their apexes positioned anterior to the midline along the proximal-distal (PD) axis (e.g. Fig. 3B ). In contrast, the elytron has its apex positioned more posteriorly, and the margin posterior to the apex forms a very straight line (Figs. 2A, 3A) . The straight posterior margin allows the left and right elytra to meet on the dorsal side of the beetle without a gap, forming a tight seal through an interlocking mechanism (see the arrow in Fig. 2A for the tight sealing between two elytra). This tight sealing between left and right elytra is critical for their protective function (Crowson, 1981) . These elytron-specific traits are absent (or very primitive) in protocoleopteran beetloids (Kukalova, 1969) , and have been acquired uniquely in the lineage leading to true coleopteran insects (Crowson, 1981; Grimaldi and Engel, 2005) . The molecular mechanisms responsible for the acquisition of these elytron-specific traits have never been explored.
The molecular and genetic basis of insect wing modification is best understood in a dipteran insect, Drosophila melanogaster, providing us with a framework to approach the molecular mechanisms underlying the evolution of the elytron-specific traits. In the lineage leading to Diptera, the hindwing has undergone an Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/developmentalbiology extreme evolutionary modification, forming a dwarf structure called the haltere. This modification is orchestrated by a Hox gene, Ultrabithorax (Ubx) (Lewis, 1978; Weatherbee et al., 1998) . Removing Ubx function in Drosophila results in the transformation of haltere into forewing, which represents a more ancestral morphology (Lewis, 1978) . None of the Hox genes regulate forewing development, indicating that the forewing represents the Hox-free state in Drosophila (Struhl, 1982) . The modification situation in beetles is, in a way, reversed, as it is the forewing that has been highly modified (Fig. 3A, B) . Surprisingly, elytra are Hox-free structures despite their divergent morphology, and Ubx cancels the modifications to maintain relatively ancestral insect wing characters in the hindwing in beetles (Tomoyasu et al., 2005) . These findings indicate that the evolution of elytron has been achieved without any Hox input.
To gain more insights into the Hox-free modification mechanism responsible for the evolution of elytra, we have performed an RNA interference (RNAi) screening based on the candidate gene approach. Over 30 genes, whose Drosophila counterparts are known to affect wing patterning (i.e. wing genes), were tested in Tribolium ( (Tomoyasu et al., 2009; Tomoyasu et al., 2005) and data not shown). RNAi for most of these wing genes induced similar loss-of-function phenotypes both in elytra and hindwings, indicating that these genes are not involved in the induction of elytron-specific traits. However, RNAi for several genes caused different phenotypes between elytra and hindwings. One such gene is apterous (ap). RNAi for ap in Tribolium caused a reduction of exoskeletalization in the elytron, but also caused an ectopic induction of exoskeletalization in the hindwing (Tomoyasu et al., 2009 ). Thus, ap has a dual function in the formation of elytra, induction of an elytron-specific trait in elytra and repression of the same trait in hindwings (Tomoyasu et al., 2009) .
Another gene that caused an interesting elytron phenotype when knocked down was abrupt (ab). ab encodes an evolutionarily conserved transcription factor that contains BTB and zinc finger domains (Hu et al., 1995) . ab is a highly pleiotropic gene both in Drosophila and Tribolium, playing important roles in various tissues, including the central nervous system, legs, antennae and wings (Angelini et al., 2009; Angelini et al., 2012; Caygill and Johnston, 2008; Grieder et al., 2007; Hu et al., 1995; Jang et al., 2009 ). In the wing, a mutation in ab results in the loss of a particular wing vein in Drosophila (Biehs et al., 1998; Cook et al., 2004; Hu et al., 1995) (also see Fig. 1H ). We noticed that RNAi for ab in Tribolium induced a shape change phenotype in elytra. The effect appeared to be limited to elytra, as the hindwing shape remained unaffected. This result led us to speculate that ab has an important role for the induction of the unique elytron shape, which is essential for the protective function of elytra.
In this study, we performed an in depth analysis on the function of ab during dorsal appendage development in Tribolium and Drosophila to elucidate the unique contribution of ab to the evolution of elytra. Our analysis has revealed that ab has gained a novel function in determining the unique elytron shape. We also found a previously undescribed essential function of ab in the Notch signal-associated wing formation process, which appears to have been conserved between Tribolium and Drosophila. Taken together, these results suggest that ab has gained a new function during elytron evolution without compromising the conserved wing-related functions in the lineage leading toward beetles.
Materials and methods

Beetle culture
The beetle cultures were reared on whole wheat flour (þ5% yeast) at 30°C in a temperature and humidity controlled incubator. An enhancer trap line pu11 (Lorenzen et al., 2003) , which is the nub enhancer trap line (Clark-Hachtel et al., 2013) , was utilized for all the RNAi experiments.
Fly strains
The fly lines used in this study were maintained and crossed at either 25°C or 18°C on a standard Drosophila medium. The detailed genotypes of the GAL4, RNAi and overexpression lines used in this study are summarized in Table S1 . GAL4, UAS-overexpression, and TRiP (Transgenic RNAi project at Harvard Medical School) lines, were obtained from the Bloomington Drosophila stock center. The VDRC and NIG RNAi lines were obtained from Vienna Drosophila research center (VDRC) and National Institute of Genetics (NIG), respectively (Dietzl et al., 2007; Umemori et al., 2009) . 
Gene cloning
Tribolium orthologs of Drosophila ab and shape genes were identified via BLAST analysis. Tribolium pupal cDNA was used to clone the genes into PCR4-TOPO vector (PCR4-TOPO-TA cloning kit, Life technologies). The detailed primer information along with the GenBank accession numbers is summarized in Table S2 .
dsRNA synthesis
dsRNA molecules for RNAi were synthesized as described before (Philip and Tomoyasu, 2011) . In brief, first, the dsRNA templates were synthesized by PCR using the TOPO_RNAi primer (for the long ab fragment and all the shape genes) or gene specific primers with the T7 polymerase promoter sequence at the 5′ end (for the two short ab fragments). dsRNAs were then synthesized by in vitro transcription (Megascript T7, Ambion) using 1 μg of templates. The resulting dsRNA samples were purified by MegaClear kit (Ambion). Specificity of the products was confirmed via agarose gel electrophoresis. Concentration of dsRNA ranged from 4-10 μg/μl.
Tribolium injection
Injections were carried out in the last larval stage or penultimate larval stage as described before (Linz et al., 2014; Philip and Tomoyasu, 2011) . Appropriate larval stages were chosen based on the EYFP expression in the developing wing and elytron discs (Clark-Hachtel et al., 2013) . At least thirty larvae were utilized for each set of injections. 1 μg/μl of dsRNA was used for all RNAi experiments, except ab RNAi at the last larval stage, for which 4 μg/ μl of dsRNA was used to achieve maximum penetrance. Approximately 0.7-0.9 μl of dsRNA solution was injected into each larva.
After injection, the larvae were kept in flour at 30°C until they became adults for phenotypic analysis.
Off-target effect assessment
In order to eliminate the possibility of off-target effect (OTE), we performed RNAi targeting two non-overlapping regions of the ab gene. The absence of OTE was confirmed when RNAi for these two non-overlapping regions produced the same phenotypes, which was also the same as the phenotypes by the long fragment RNAi. The detailed primer information to obtain these non-overlapping fragments can be seen in Table S2 . The corresponding locations of these fragments relative to the longer fragment both in Drosophila and Tribolium are illustrated in Supplementary Fig. 1 .
Tissue staining
Drosophila wing discs were fixed with 4% formaldehyde in PBS for 25 min at room temperature. After several washes with PBS containing 0.1% Triton X-100 (PBT), the discs were incubated with primary antibodies diluted in PBT with 10% normal goat serum (NGS) at 4°C overnight. After washing several times in PBT, discs were incubated for 2 h at room temperature with secondary antibodies diluted in PBT with NGS. After several washes in PBT, discs were mounted on the slide glass with ProLong mountant (Life technologies). Antibodies used in this work and their dilutions are as follows; anti-mouse Alexa 555 (1:400; Life technologies), antirabbit Alexa 488 (1:400; Life technologies), anti-goat Alexa 555 (1:500; Life technologies), Goat anti-Ser (1:2000; Santa Cruz), Rabbit anti-Ab (1:200, gift from S. Crew) (Hu et al., 1995) , anti-Wg (4D4) (1:50) , anti-En/Inv (4D9)(1:10). anti-Wg and anti-En/Inv (developed by S. Cohen and C. Goodman, respectively) were obtained from the Developmental Studies Hybridoma Bank (DSHB) created by the NICHD and maintained at The University of Iowa. Dissection and in situ hybridization of Tribolium dorsal appendage imaginal discs were performed as previously described (Tomoyasu et al., 2009; Tomoyasu et al., 2005) .
Documentation and image processing
The Tribolium and Drosophila adult tissues were fixed in 95% ethanol overnight, dissected, and mounted on microscopic glass slides using Permount. The images were captured using Zeiss AxioCam MRc5 connected to the AxioPlan 2 microscope. Whole adult bodies of Tribolium and Drosophila were documented by Zeiss Discovery V12. The method for the elytron and wing measurement is described in detail in the result section (also refer to Fig. 3 ). Zeiss AxioVision software was used to obtain the wing measurements. Confocal fluorescent images were obtained using Zeiss LSM710 microscope. Some pictures were enhanced only for brightness and contrast with Adobe Photoshop CS3 or CC 2014.
Results
3.
1. ab has a conserved role in hindwing vein patterning in Tribolium ab was one of the few genes identified through the initial RNAi screening that gave an intriguing elytron shape phenotype when depleted. Since the elytron is a novel trait in the beetle lineage, any functions related to the production of this unique structure likely represent evolutionary modifications that occurred in the beetle wing gene network. To elucidate how the ab elytron phenotype relates to the acquisition of a novel function, we first questioned whether the known ab function in Drosophila is conserved in Tribolium wing development. In Drosophila, ab is crucial for the formation of a posterior wing vein (longitudinal vein 5, L5) ( (Biehs et al., 1998; Bier, 2000; Blair, 2007; Cook et al., 2004; Hu et al., 1995) , also see Fig. 1D , H). Since wing proliferation and patterning occur during the last larval stage in Tribolium (Clark-Hachtel et al., 2013), we performed ab RNAi at the last larval stage. The knockdown of ab during the last larval stage induced defects in wing vein patterning in Tribolium (Fig. 1) . Several veins were disrupted in the posterior region (Fig. 1A, C, E, G), which appear to reflect the evolutionarily conserved ab function in posterior vein formation. In addition, an anterior vein was also affected (Fig. 1A , B, E, F), suggesting that the vein function of ab extends to a wider region in Tribolium than in Drosophila. None of the negative control injections (EGFP-480bp dsRNA (Miller et al., 2012) , Supplementary  Fig. 2 ) or RNAi for other wing shape genes (Fig. 4) caused any vein pattern defects, thus the defects in vein patterning observed by ab RNAi are specific to the reduction in ab function. In addition, a whole mount in situ hybridization analysis revealed that ab is expressed in the hindwing disc, in a pattern that overlaps with the anterior and posterior vein regions affected by ab RNAi (Supplementary Fig. 3 ). Taken together, these results indicate that the involvement of ab in vein patterning is conserved between Drosophila and Tribolium. In addition to the ab hindwing phenotypes, we also observed defects in antennae and legs that were previously reported ( (Angelini et al., 2009; Angelini et al., 2012) , also see Supplementary Fig. 4 ). These phenotypes are consistent with previously published Drosophila ab phenotypes (Hu et al., 1995) , providing further evidence for the conservation of ab function between Tribolium and Drosophila.
3.2. ab has a novel role in the Tribolium elytron ab RNAi caused several abnormalities in the elytron, including a vein pattern disruption (Fig. 2C , G). It also caused a distinct gap between the pair of elytra, exposing the dorsal surface of the abdomen beneath it ( Fig. 2A, E ). Morphological analysis revealed that the gap was caused by a change in shape of the ab RNAi elytron (Fig. 2B, F) . The shape of the ab RNAi elytron is intriguing because it no longer retains the atypical shape of the wild-type elytron, exhibiting an almost "wing-like" appearance similar to the shape of an elytron in Protocoleoptera (an extinct order related to Coleoptera that possessed primitive morphologies (Kukalova, 1969) . Also see the graphical abstract) (Fig. 2F ). In addition, this shape effect appears to be limited to the elytron without affecting the hindwing shape, raising the possibility that ab could be an important factor to produce the unique elytron shape.
The elytron shape could be altered by margin deletions, instead of a change in the dimensions of the elytron. To test this possibility, we examined several distinct margin structures, such as a ventral patch composed of dense hair structures at the anterior margin ( Fig. 2B ), a strip of less sclerotized region at the posterior margin (data not shown), and a cluster of long hair-like structures at the distal tip (Fig. 2D ). Despite the shape change caused by ab RNAi, these margin structures remained intact (Fig. 2D, H . Also see arrowheads in B and F), excluding the possibility of margin deletions. Hence, ab appears to have acquired an essential role in inducing a more derived shape of elytron, which has been beneficial during beetle evolution.
ab RNAi induces wing-like elytron shape without affecting the shape of the hindwing
To understand the nature of the shape change phenotype caused by ab RNAi, we have performed a morphometric analysis. In a typical insect wing, the wing width tends to gradually reduce as it progresses towards the distal end. Ancestors of beetles also appear to have had forewings (or primitive elytra) with their width gradually reduced towards the distal ends (Kukalova, 1969) . The elytron of modern beetles is atypical in the sense that the reduction of width towards the distal end is not so gradual, resulting in a relatively stout shape (Fig. 3A, B) . This unique elytron shape provides a tight seal between the left and right elytra.
To represent the degree of width reduction along the proximodistal axis, we have developed a Proximal-Distal (PD) index. This index is obtained by measuring the length (A) as well as the width at two positions. The proximal width (B) is at 20% of the wing length measured from the proximal end, and the distal width (C) at 80% measured from the proximal end (Fig. 3A, B) . The widths are then normalized against the length (C/A and B/A). The ratio of C/A and B/A represents the PD index. The PD index of 1.0 represents no distal width reduction (i.e. a rectangular shape, Fig. 3C ), while a smaller PD index represents a more significant distal width reduction (trapezoid or triangular shapes, Fig. 3C ). The PD index of wild-type elytron is 0.88 (n ¼20), while the PD index of wild-type hindwing is 0.76 (n ¼13) (Fig. 3) . The difference in the PD indices between the elytron and hindwing is statistically significant (bracket a in Fig. 3D ), indicating the applicability of this index to differentiate the elytron shape from that of hindwing. The PD index of the ab RNAi elytron (ab elytron I) is 0.75 (n¼ 26), which significantly differs from that of the wild-type elytron (brackets b in Fig. 3D ). The reduced PD index value of the ab RNAi elytron matches to that of wild-type hindwing, hence the ab RNAi elytron is in fact becoming a more wing-like shape (brackets c in Fig. 3D ).
As we mentioned before, ab RNAi appears to uniquely affect the elytron shape without affecting the hindwing shape. To validate whether the hindwing shape is unaffected by ab RNAi, we sought to compare the PD indices between the ab RNAi hindwing and the wild-type hindwing. However, a failure to unfold hindwings caused by an eclosion defect in some ab RNAi beetles prevented us from measuring the hindwings from those individuals. We decided to use only the individuals that had successfully eclosed for our PD index comparison between elytra and hindwings. A caveat is that these individuals tend to show weaker abnormalities, which could fail to represent the actual severity of the hindwing shape phenotype. To have an unbiased comparison between elytra and hindwings, we reevaluated the ab RNAi elytron PD index only from the individuals that had successfully eclosed (ab elytron II in Fig. 3D ). The elytron PD index from those individuals was 0.80 (n ¼19), which is still statistically different from that of the wildtype elytron (brackets b in Fig. 3D ). In contrast, the PD index of the hindwing from these individuals (0.77, n ¼ 19) was not different from that of the wild-type hindwing 0.76 (n¼ 13, bracket d in Fig. 3D ). Therefore, ab RNAi appears to uniquely affect the elytron shape without affecting the shape of the hindwing.
In summary, the PD index analysis revealed that the shape of the ab RNAi elytron is significantly different from that of wild-type elytron, and it is in fact more similar to the shape of wild-type hindwing. The shape of the ab RNAi hindwing remains unaffected, emphasizing that the shape change phenotype caused by ab RNAi is unique to the elytron. These results suggest that ab has gained an important function during beetle evolution to produce the novel elytron shape.
RNAi for shape genes affects both the elytron and hindwing shapes
The idea that ab acts as an elytron-specific shape determinant is based on the fact that ab RNAi affects the elytron shape without affecting the hindwing shape. A caveat of this interpretation is that hindwing may be less sensitive to RNAi or disruption of gene function to produce shape changes, resulting in a superficial elytron-specific phenotype. If this is the case, we should see a similar bias in the phenotypes induced by RNAi for other known shape genes. To address this possibility, we performed RNAi for the Tribolium orthologs of the genes known to affect tissue size and shape in Drosophila.
Three main pathways influencing tissue size and shape in Drosophila are (i) Insulin pathway (ii) Hippo pathway, and (iii) cell cycle regulators (reviewed in (Johnston and Gallant, 2002; NetoSilva et al., 2009; Pan, 2010) ). From each pathway, we chose genes that are known to affect the wing size and shape when mutated. dachs (Mao et al., 2006) and yorkie (yki) (Huang et al., 2005) from the Hippo pathway, Pten (Goberdhan et al., 1999) and chico (Böhni et al., 1999) from the insulin pathway, and dMyc (Wu and Johnston, 2010) from the cell cycle pathway were chosen (see Table S3 for a summary of these genes and their mutant phenotypes in Drosophila).
Among the genes tested, RNAi for chico and dachs significantly affected the elytron shape (Fig. 4A, C, E) . However, unlike ab RNAi, both chico and dachs RNAi also produced size/shape phenotypes in the hindwing (Fig. 4B, D, F) . chico RNAi affected the length, while dachs RNAi affected both the length and PD index of the hindwing (Fig. 5) . These results are distinct from the ab phenotype, as ab RNAi affects only the elytron shape and size without affecting the shape and size of hindwing (Fig. 3, Fig. 4K, L) , further supporting the idea that ab is an elytron-specific shape determinant.
Both the PD index and length of chico RNAi elytron resemble those of ab RNAi (Fig. 5A, B) , which may suggest a connection between ab and Insulin pathway in the regulation of the elytron shape. In contrast, dachs RNAi affected the shape very differently compared to ab RNAi. dachs RNAi induced a significant contraction of the middle part of the elytron without affecting its width ( Fig. 4E and Fig. 5B, D) . Interestingly, this shape change also causes PD index reduction, making the PD value similar to those of ab and chico RNAi elytra (Fig. 5A) . However, the difference in the modes of shape change between ab and dachs RNAi implies that Hippo pathway operates independently from ab to determine the dorsal appendage shape and size. RNAi for Pten did not produce any noticeable phenotypes (Figs. 4I, J and 5A, D), whereas dMyc RNAi weakly affected the elytron length without affecting PD index (Figs. 4G, H and 5 A, B) . yki RNAi resulted in larval lethality, preventing us from evaluating the adult phenotype. Further analysis is required to evaluate the contribution of these factors to the regulation of the elytron shape and size.
Taken together, these results indicate that the hindwing shape and size can be altered by RNAi in Tribolium, which excludes the possibility that the elytron-specific ab shape phenotype is superficially created by a difference in RNAi sensitivity between elytra and hindwings. The similar effects of chico and ab RNAi on elytron shape suggests a potential interaction of ab with the Insulin pathway in the regulation of elytron shape.
ab has an additional role in the early dorsal appendages development in Tribolium
In addition to the distinct ab expression pattern in the mature hindwing disc, in situ hybridization analysis also revealed a strong and ubiquitous expression of ab in the early stage elytron and hindwing discs (Supplementary Fig. 3 ). This raised the possibility that ab has an additional earlier function in dorsal appendage development in Tribolium. To test this hypothesis, we performed ab RNAi at the penultimate larval stage (one stage before the last larval stage). Penultimate ab RNAi caused severe lethality (88%, n ¼44). The individuals that survived to adulthood exhibited some of the phenotypes observed by last larval ab RNAi, which include the defect in the parallel vein patterning in elytra (Fig. 6C compare  to Fig. 2C) , and antennae/leg defects (data not shown). Surprisingly, these escapers also showed drastic developmental defects in the dorsal appendages (Fig. 6A , compare to Fig. 2A ). Both the elytron and hindwing formation was significantly disrupted in penultimate ab RNAi (Fig. 6B , E, F, compare to Fig. 2B, E) , possibly due to a severe proliferation defect and/or excess cell death. We also observed some margin deletions in the penultimate ab RNAi elytron. Although the distinct hair-like structures at the distal tip remain intact, the ventral patch at the anterior margin (Fig. 2B  arrowhead) was missing, indicating a severe margin deletion (Fig. 6B, D) . The penultimate ab RNAi hindwing had an even more severe phenotype (the hindwings were barely visible. Fig. 6E, F) , possibly due to the combination of proliferation defects and margin truncations. In conclusion, the penultimate ab RNAi revealed that ab has an additional role in the early dorsal appendages development, which is critical for the formation of both elytra and hindwings in Tribolium. We also noticed a potential transformation of the ventral surface of elytron to hindwing identity by penultimate ab RNAi (Supplementary Fig. 5 ). Further analyses will be required to understand the nature of this intriguing transformation.
ab is also essential for wing development in Drosophila
The most severe ab wing phenotype described in Drosophila is the L5 wing vein defect (Hu et al., 1995) ; see also Fig. 1H ). This phenotype is consistent with the ab expression pattern in the Drosophila wing disc, in which the strong ab expression corresponds to the future L5 vein region (Cook et al., 2004) (also see The length of the shape gene RNAi for hindwing. RNAi for chico, and dachs show statistically significant reduction in length compared to wild-type (* P o0.001, t test). Statistical analysis was carried out by unpaired t-test assuming unequal variances. Fig. 7A ). However, the drastic dorsal appendages defect induced by penultimate ab RNAi in Tribolium made us wonder whether this important function of ab has been overlooked in Drosophila. To test this possibility, we utilized an ab RNAi line obtained from VDRC (v104582) (Dietzl et al., 2007) to knock down ab in the Drosophila wing. Interestingly, ab RNAi induced by nub-Gal4 line that expresses Gal4 in the wing (Calleja et al., 1996) caused drastic reduction of the wing (Fig. 7B-D) . A caveat of this phenotype is an off-target effect (OTE) caused by the v104582 ab RNAi hairpin construct. To eliminate this possibility, we utilized several additional ab RNAi lines available from public stock centers. These lines target regions of the ab genes that do not overlap with the VDRC v104582 ( Supplementary Fig. 1 ). We can exclude the possibility of OTE if we observe the same phenotype by these non-overlapping RNAi lines. The NIG ab RNAi lines (Umemori et al., 2009 ) induced a similar wing reduction phenotype when expressed by nub-Gal4. The other VDRC ab RNAi line (v41005), which targets an almost identical region as the NIG ab RNAi lines, also induced a severe wing defect that resembles the phenotype induced by VDRC v104582 (data not shown). These results clearly exclude the possibility that the severe wing defect observed by ab RNAi in Drosophila is due to OTE. In contrast, the two TRiP lines (Ni et al., 2011; Perrimon et al., 2010) we have tested produced only the L5 wing vein defects (data not shown). The reason behind the difference in the phenotypes between the TRiP and other RNAi lines is yet to be determined. Both TRiP lines target the 3'UTR region of the ab gene ( Supplementary Fig. 1 ), which may influence the efficiency of the RNAi knock down. The differences in the hairpin constructs, such as the linker sequences and the polyA signals, could also influence the expression levels of these RNAi constructs. In summary, our RNAi analysis in Drosophila provides evidence that the early function of ab during wing formation is in fact conserved between Drosophila and Tribolium.
ab functions in part by modulating Notch activity
To investigate the molecular mechanism of how ab influences early wing development, we further analyzed the phenotypes caused by ab knock-down as well as ab misexpression in Drosophila. Knocking down ab specifically in the posterior compartment by en-Gal4 induced a reduction of the posterior wing (Fig. 7E) , further supporting the essential function of ab during wing development. ab RNAi induced by MS1096 Gal4 (another wing Gal4 driver (Capdevila and Guerrero, 1994) ) also caused a severe reduction of the wing tissues (Fig. 7F) . Interestingly, in addition to the wing tissue reduction, we also noticed that the wing margin structure is malformed (exhibiting both truncation and duplication) in the MS1096 Gal4/ab RNAi wing (arrow and arrowhead in Fig. 7F ). The margin of the Drosophila wing is formed from the dorsal-ventral (DV) compartmental boundary of the wing disc, Fig. 6 . ab RNAi elytron phenotypes generated by penultimate larval injection. (A) ab RNAi adult, (B-D) elytron, and (E, F) hindwing. ab RNAi elytron shows drastic proliferation defect (B). The unique parallel vein pattern is also disrupted (C). The anterior patch is missing (B), while the distal tip hair structure is unaffected (arrow in I). ab RNAi hindwing shows a drastic proliferation defect and is badly crumpled due to severe eclosion defects (E, F). 1 μg/μl ab dsRNA was injected in the penultimate larval stage in Tribolium. Scale bar indicates 500 μm (A, B, F) or 100 μm (C, D).
which acts as an organizer to coordinate wing disc development . The malformation of the wing margin structures in the ab RNAi wing hints the possibility that ab is involved in the D/V patterning. In line with this idea, ab RNAi induced by c96 Gal4, which expresses Gal4 specifically in the DV boundary (Gustafson and Boulianne, 1996) , resulted in extensive margin deletions (Fig. 7G) . These results indicate that ab is involved in DV patterning in the Drosophila wing development. However, ab might not be simply acting as a positive margin inducer, as misexpression of ab by c96 Gal4 also induced severe margin deletions (Fig. 7H) . This type of complex interaction is often observed when Notch signal is disrupted (Artavanis-Tsakonas et al., 1995), making us speculate that ab is a modulator of Notch signaling. A previous genome-wide misexpression screening also identified ab as a potential Notch signal attenuator (Grieder et al., 2007) .
To elucidate the interaction between ab and Notch signal, we have analyzed the influence of ab overexpression on Notch signal activity. The mosaic overexpression of ab significantly affected the expression of Wingless (Wg), a target of Notch signaling in the wing (Fig. 7I-K) . In the endogenous Wg expression domain, ab overexpression repressed the Wg expression cell autonomously (arrows in Fig. 7J, K) , suggesting that ab is a Notch signal inhibitor. However, we also noticed that ab overexpression mosaics also ectopically induced Wg cell non-autonomously (arrowheads in Fig. 7J, K) , indicating that Notch signal is ectopically activated in the surrounding cells. A similar interaction has been observed when the activity of Notch ligands are modified in a mosaic manner (for example, see (Kim et al., 1995) ). To further evaluate the involvement of ab in the Notch pathway, we overexpressed ab along the anterior-posterior (AP) boundary of the wing imaginal disc by dpp Gal4 (Morimura et al., 1996) (Supplementary Fig. 6 ). It has been shown that ectopic activation of Notch signal along the AP boundary induces the two Notch ligands, Serrate (Ser) and Delta (Dl), leading to ectopic activation of Notch signal both in the dorsal and ventral compartments (Panin et al., 1997) . In contrast, overexpression of each ligand along the AP boundary leads to the activation of Notch signal in a dorsoventrally restricted manner (ventral specific Notch signal activation by Ser overexpression and dorsal specific activation by Dl overexpression) (Panin et al., 1997) . Overexpression of ab along the AP boundary resulted in ectopic Notch activation (monitored by Wg expression) only in the ventral compartment ( Supplementary Fig. 6A, B) . In addition, immunostaninig against Ser protein revealed that Ser is induced along the AP boundary by ab overexpression ( Supplementary  Fig. 6C-H) . These data suggest that ab acts upstream of Notch signal, in part through regulating Ser expression. We also noticed that the involvement of ab in Notch regulation might not be limited to the wing, as we observed that ab RNAi and overexpression caused Notch-related phenotypes in other tissues, such as the notum, leg, and eye (Supplementary document. 1). Taken together, these results demonstrate that the evolutionarily conserved ab functions during wing formation are in part achieved by modulating Notch signaling.
Discussion
In this study, we have investigated the function of ab during dorsal appendage development in Tribolium and Drosophila. Our analysis has revealed that ab has gained a novel function in the regulation of elytron shape. In addition, we also found that ab has a previously undescribed critical function in early wing development, which has been conserved between Tribolium and Drosophila.
Evolution of elytra and a novel function of ab
Protocoleoptera is an extinct order, which is thought to represent an ancestral state of modern beetles (Grimaldi and Engel, 2005) . Fossil evidence indicates that, unlike modern beetle elytra, protocoleopteran elytra had a relatively typical insect wing shape and vein pattern (Kukalova, 1969) . In the lineage leading to Coleoptera, the elytron has gained a unique shape enabling them to secure the tight sealing at the dorsal midline of the beetle. The innovation of the unique elytron shape was crucial for the evolutionary success of the beetle lineage (Crowson, 1981; Grimaldi and Engel, 2005) . The molecular basis of elytron evolution is just beginning to be unraveled.
Since the beetle hindwing maintains a relatively typical insect wing shape, changes in genetic pathways responsible for the elytron shape must be specific to the elytron. RNAi for most of the genes in the conserved wing gene network caused similar abnormalities in both elytra and hindwings, therefore these genes are unlikely to be responsible for the evolution of elytra per se. Although ab RNAi at the last larval stage caused abnormalities in both elytra and hindwings, the shape phenotype is observed only in elytra, suggesting that ab is a part of the changes responsible for the evolution of the unique elytron shape.
Our RNAi analysis at various time points has revealed detailed involvement of ab during the development of beetle elytra. ab RNAi at the penultimate stage caused severe developmental defects both in elytra and hindwings. In contrast, ab RNAi at the last larval stage induced a shape change phenotype only in the elytron. In the hindwing, the last larval ab RNAi caused vein patterning defects, but did not affect the shape. We have also performed ab RNAi later in the last larval stage (but before the prepupal stage). Although this late ab RNAi caused a defect in the parallel vein patterning in elytra, it did not affect the elytron shape (data not shown). Therefore, the mid last larval stage before pupation appears to be the critical period for the novel function of ab in the elytron shape regulation.
It is currently unknown how ab elicits this elytron specific shape function. ab may locally induce cell death or suppress cell proliferation. It is also possible that ab regulates the overall elytron shape via cell non-autonomous factors such as growth signals. The similarity between ab and chico RNAi phenotypes in the elytron suggests that ab and Insulin pathway may cooperatively regulate the elytron shape. In contrast, dachs RNAi caused a distinct shape phenotype, in which the middle portion of elytron is predominantly reduced. Thus, Hippo pathway, a well-known tissue size and shape regulator, might be independent of the ab elytron shape regulation.
Our analysis in Drosophila has revealed a connection between ab and Notch signal during dorsal appendage development. Unfortunately, RNAi for Notch or genes that code for Notch ligands (Dl and Ser) at the last larval stage in Tribolium caused severe lethality, which prevented us from assessing the involvement of Notch signal in elytron shape regulation in Tribolium. We have also performed RNAi in Tribolium for nubbin (nub), which is known to modulate Notch signal during wing development in Drosophila (Neumann and Cohen, 1998) . Although nub RNAi caused a shape change phenotype in the dorsal appendages, the resulting shape of the elytron was very different from that of the ab RNAi elytron ( (Tomoyasu et al., 2009 ) and Tomoyasu, unpublished data). Therefore, the novel function of ab in elytron shape regulation may be independent of Notch. Further investigation will be required to elucidate the developmental and mechanistic basis of the elytron shape determination regulated by ab, and the possible involvement of Notch signal in this process.
Evolutionarily conserved functions of ab and Notch signal
In addition to the elytron shape determination function, we found that ab is also important for the wing vein patterning in Tribolium. This vein patterning function of ab appears to be conserved during the evolution of insects. In Drosophila, ab is required specifically for the formation of L5 vein ( (Hu et al., 1995) , see also Fig. 1D, H) . On the other hand, in Tribolium, ab appears to have an extended functional domain, as we saw that ab RNAi affected multiple veins both in anterior and posterior regions of the hindwing (Fig. 1) . Nevertheless, the involvement of ab in wing vein patterning is conserved between Tribolium and Drosophila.
Depleting ab in an earlier last larval stage in Tribolium (via penultimate ab RNAi) resulted in a drastic developmental defect both in elytra and hindwings (Fig. 6) , revealing yet another critical function of ab during the Tribolium dorsal appendage development. Surprisingly, although previously undescribed, this critical function of ab in dorsal appendage formation appears to be conserved even in Drosophila, as our RNAi analysis in Drosophila caused a similar defect in the wing (Fig. 7) . A genetic analysis using RNAi and misexpression approaches in Drosophila has provided us with evidence that ab modulates Notch signaling activity during Drosophila wing development, implying that the evolutionarily conserved function of ab in dorsal appendage formation is mediated through the modulation of Notch signal.
The relationship between Notch and ab is rather puzzling, as the mosaic overexpression of ab showed both negative and positive interactions between Notch and ab; preventing Notch signal in the endogenous Notch active domain, but also ectopically activating Notch signal in the cells adjacent to the ab overexpressing cells in the ventral compartment of the wing disc (Fig. 7J, K) . This phenotype resembles the overexpression of one of the Notch ligands (Ser) or a Notch ligand modifier (Fringe, Fng) (Kim et al., 1995; Panin et al., 1997) , suggesting that ab acts upstream of Notch, possibly regulating Notch ligand activity or expression. Overexpression of ab by dpp-Gal4 also supports this idea (Supplementary Fig. 6 ). However, unlike Ser overexpression, ab overexpression induced Wg expression only non cell-autonomously (cf. Ser overexpression activates Notch signal both cell-autonomously and non-autonomously (Panin et al., 1997) ). This suggests that ab may also regulate other Notch signal components, such as Fng, in a cell-autonomous manner. Further analysis will be required to determine the precise involvement of ab in Notch regulation. It is worth mentioning that the function of ab in modulating Notch signal is not restricted to wings (Supplementary document. 1 ). This raises the possibility that ab is not just a wing specific Notch modifier, but rather one of the pan-Notch signal regulators that are widely used in various tissues.
ab may also be involved in the determination of elytron identity
Not only did penultimate ab RNAi result in proliferation defects of elytra and hindwings, but it also produced an interesting transformation phenotype (Supplementary Fig. 5 ). In the wildtype elytron, the ventral surface is not highly sclerotized, with a majority of the ventral cells lacking any noticeable cellular structures (data not shown). However, in the ab RNAi elytron, cells in the ventral surface gained a distinct hair-like structure (Supplementary Fig. 5E, F) . This ectopic hair-like structure resembles the hairs that are typically seen in the wild-type hindwing cells, leading us to speculate that the ventral elytron cells gained the hindwing identity in ab RNAi beetles. Hence, ab could be important for the ventral elytron identity, which may represent yet another critical function of ab in the evolution of elytra.
ab RNAi also disrupted the parallel vein pattern unique to elytra. We have recently found that this unique parallel vein pattern has evolved through the acquisition of a novel Notch signalbased vein formation mechanism (manuscript in preparation). The RNAi phenotype suggests that ab might also play an essential role in this elytron-specific vein patterning. It will be insightful to further investigate how ab has come to be one of the key players in the elytron development, controlling multiple elytron-specific traits (such as shape, vein pattern, and ventral identity), during the evolution of beetles.
ab in forewing /hindwing differentiation
Although ab is essential both for elytron and hindwing development, the shape function of ab is restricted to elytra. The molecular mechanism responsible for the elytron specific function of ab is yet to be examined. A simple explanation is that Ubx, the hindwing selector gene, specifically represses the shape function of ab without compromising other ab functions in hindwings. This repression could be due to a direct binding of Ubx protein to Ab, inhibiting the ab shape function selectively. Alternatively, Ubx could repress the expression of ab, but in a spatially and temporally restricted manner that would prevent a complete repression of ab in hindwings.
In Drosophila, Ubx appears to induce ab expression in the haltere (homologous to hindwings in beetles) instead of repressing it (Pavlopoulos and Akam, 2011) . This reversed relationship between Ubx and ab may reflect different modes of Ubx action in Drosophila and Tribolium. In Drosophila, Ubx regulates many "wing genes" to modify hindwings into halteres. In contrast, the role of Ubx in beetles is to repress modification to maintain relatively ancestral wing morphology in hindwings (Tomoyasu et al., 2005) . It would be interesting to elucidate how the changes in the Ubx/ab interaction (both at the genetic and molecular levels) have affected the morphological diversity of insect wings.
Conclusions
Our analysis has revealed a novel function of ab in determining the unique elytron shape in Tribolium. This function appears to have been gained in the beetle lineage without compromising the evolutionarily conserved functions of ab during the dorsal appendage development. Furthermore, we found that ab has a previously undescribed critical function in the formation of dorsal appendages, which in part is mediated through modulation of Notch signal. Gaining a new function without losing conserved functions appears to be a key theme in the evolution of morphologically novel structures.
Elytra in beetles display an impressive array of diversity. Beautifully colored patterns in jewel beetles Buprestidae, peculiar shapes in the violin beetle Lebiinae, or extensive miniaturization in rove beetles Staphylinidae, are some fascinating examples to name a few. The contribution of ab to the evolution of elytra described in this study is significant, but apparently is just a small portion of the many, yet to be identified, changes that have promoted elytron evolution. A combination of taxonomical, developmental, and genomics approaches will provide us with a more comprehensive view of elytron evolution, which will shed light on the molecular basis of morphological innovation.
